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ABSTRACT: Quantum dots (QDs) integrated 2-dimensional (2D) materials have great 

potential for photodetector applications due to the excellent light absorption of QDs 

and ultrafast carrier transportation of 2D materials. However, there is a main issue that 

prevents efficient carrier transportation and ideal performance of photodetectors: the 

high interfacial resistance between 2D materials and QDs due to the bad contacts 

between 2D/0D interface, which makes sluggish carrier transfer from QDs to 2D 

materials. Here, a sandwich structure (graphene/PbS-QDs/graphene) with seamless 

2D/0D contact was fabricated by laser shock imprinting, which opto-mechanically 

tunes the morphology of 2D materials to perfectly wrap on 0D materials and efficiently 

collect carriers from the PbS-QDs. It is found that this seamless integrated 2D/0D/2D 

structure significantly enhanced the carrier transmission, photoresponse gain (by 2×), 

response time (by 20×), and photoresponse speed (by 13×). The response time (∼30 

ms) and Ip/ Id ratio (13.2) are both over 10× better than the reported hybrid graphene photodetectors. This is due to the tight 

contact and efficient gate-modulated carrier injection from PbS-QDs to graphene. The gate voltage dictates whether 

electrons or holes dominate the carrier injection from PbS-QDs to graphene. 

KEYWORDS: microfabrication, photodetector, quantum dot, graphene, response time, photoresponse rate, 

photoresponse gain 

■ INTRODUCTION 

Interface engineering performs important roles in two-

dimensional (2D) materials transportation1,2 and device 

fabrication.3,4 Although interface measurement5−7 has been 

mature for decades, rare interface modification method has 

been investigated. Graphene, as a 2D material, draws plenty 

of attention due to its flat monolayer of carbon atoms 

exhibiting ultrahigh strength and free carrier mobility.8 In 

spite of this, graphene shows limitations such as weak light 

absorption,9 contact induced defects,10 and the lack of 

bandgap.11 Thus, graphene hybrid structures rather than 

pristine graphene were primarily studied in functional 

devices, including photodetectors,12 electronics,10 

capacitors,13 solar cells,14 etc. The combination of QDs and 

graphene take full advantage of the tunable and strong light 

absorption of QDs and the high conductivity of graphene, 

thereby makes the hybrid graphene/ QDs dots photodetector 

to achieve ultrahigh responsivity.15−17 Ultrasensitive 

graphene/PbS-QDs based infrared photodetector,16 which is 

vitally useful in temperature detection in industry, has also 

been intensely studied. However, exfoliated graphene and 

toxigenic chemicals used during the fabrication make the 

photodetector either too complicated or too dangerous to be 

practically implemented. Although CVD graphene15 has 

been successfully used in infrared photodetector fabrication, 

only one single layer graphene served as carriers 
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channel at the bottom could not efficiently collect all the 

photogenerate carries. Here, we present a graphene/PbS-

QDs/ graphene hybrid photodetector, where two graphene 

layers perform as two carrier channels. However, traditional 

graphene transfer method18 limits the contact between top 

layer graphene and underlying 3D surface to grid-space 

contact rather than perfectly wrapping contact, resulting in a 

weak transportation between graphene and the underlying 

materials and unavoidable artificial scattering centers. Laser 

shock imprinting19 is a technique to utilize laser to generate 

plasma gas in a confined volume that can induce GPa scale 

pressure to generate nanopatterning in various materials. 

Previously, this method was proven to be able to deform 

metals20 and nanowires21 into different nanopatterns 

depending on the morphology of the underlying substrate. In 

this work, we take advantage of laser shock imprinting to 

generate nanoscale wrapping of graphene on QDs and 
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improve the interface between graphene and PbS-QDs from 

grid-space contact to perfect 3D integration. Our results 

suggest such changes could dramatically increase 

transmission, photoresponse gain, and photoresponse speed. 
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■ RESULTS AND DISCUSSION 

Well-Defined and Seamless Integrated 2D/0D/2D 

Structure. Herein, we design and fabricate a 

sandwichstructured graphene/PbS-QDs/graphene 

photodetector as shown in Figure 1A. The bottom graphene 

layer was transferred onto a bottom gate SiO2/Si substrate. A 

60 nmthick PbS-QDs film was coated as the photoresponse 

layer, and finally the top graphene layer was transferred onto 

PbS-QDs film, followed by laser shock imprinting. Au−Ti 

electrode was thermally evaporated as source and drain of 

the sensor. The two graphene layers (bottom and top) serve 

as two carrier channels that are able to collect 

photogenerated carriers from PbS-QDs.22 The light beam 

would pass through top layer graphene and be absorbed by 

PbS-QDs to excite electron−hole pairs. These 

photogenerated carriers, which would be injected into both 

graphene layers on top and bottom, could both contribute to 

the photoresponse. The merits of such a device is that the top 

layer graphene would serve as an extra channel for carrier 

transportation, and high carrier mobility of graphene on the 

top would dominate the shortcoming of 2.3% light 

blocking.9,23 However, the morphology of graphene on the 

top of PbS-QDs could make a big influence. This 

sandwichstructured device was processed by laser shock 

imprinting, and the corresponding structure change was 

investigated before and after. Figures 1B and C display laser 

shock effect for graphene wrapped on PbS-QDs, in which the 

surface morphology was characterized by atomic force 

microscopy (AFM). Wet transferred graphene only covered 

loosely or was suspended on PbS-QDs surface; thus, a 

rugged surface with ups-anddowns was detected (Figure 1B). 

On the contrary, after laser shock, the loosely covered 

graphene was punched onto the 3D surface of PbS QDs, 

resulting in the super smooth surface just like PbS-QDs only, 

as if the graphene never existed (Figure 1C). This also was 

demonstrated by the surface roughness decrease from 130 to 

57 nm after the laser shock process. The laser shock 

 

Figure 1. Hybrid graphene/PbS-QDs/graphene photodetectors. (A) Structure of graphene/PbS/graphene hybrid structures. The channel length 

between source and drain is 50 μm. AFM image of graphene wrapped on PbS QDs (B) before and (C) after laser shock fabrication. MD 

simulation results demonstrate graphene wrapping on 3D feature surface (D) before and (E) after the laser shock process. (F) Fabrication 

flow of the laser shock imprinting enabled graphene/PbS-QDs/graphene seamless hybrid structure. 
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wrapping effects are also consistent with the MD simulation 

results in Figures 1D and E, in that the suspended graphene 

is seamlessly wrapped on QDs after laser shock imprinting. 

The details of the simulation and physical mechanism of 

laser shock imprinting are discussed later in this report. Note 

that the MD simulation is small scale demonstration of the 

wrapping, which is does not represent the whole surface 

roughness change, as shown in Figures 1B and C. The 

microstructure of graphene and PbS-QDs before and after 

laser shock imprinting was studied using transmission 

electron microscopy (TEM). As shown in Figure 2A, the 

graphene/PbS hybrid film after laser shock showed that 

dense PbS quantum dots (∼5 nm) were attached to few layer 

graphene, and the QDs were tightly sandwiched between two 

curved graphene films (Figure 2B). The lattice distance of 

PbS (200) was identified in a graphene+PbS hybrid film after 

laser shock. In the graphene/QD hybrid film without laser 

shock imprinting, the attached QD density is much sparser 

compared to laser shocked situations (Figure 2D). PbS 

quantum dots were shown only in the two corners of the 

picture, indicating 

 

Figure 2. (A) Overview of a fragment of laser shocked 

graphene+PbS hybrid film under TEM observation. (B) Zoomed 

TEM image on the edge of the laser shocked graphene+PbS hybrid 

film. Few layer graphene, marked with red dashed lines, showed a 

curved shape wrapping around the PbS quantum dots. (C) PbS (200) 

identified in a graphene+PbS hybrid film after laser shock. (D) 

Overview of a fragment of graphene+PbS hybrid film without laser 

shock treatment. (E) Zoomed image at a location where intact 

graphene was shown. (F) Zoomed image at a location where 

graphene+PbS is shown, and the graphene lattice is still clear, 

meaning it was relatively flat. (G) Raman spectra of graphene before 

and after laser treatment. Laser excitation: 532 nm. 

 

most of the quantum dots were lost during sonication 

because the attachment was loose. Moreover, the graphene 

sheets processed by laser shock showed a curved shape, 

exposing many edge sites (Figure 2B). The graphene sheets 

that did not undergo laser shock were flat with clear crystal 

structures (Figure 2E). With a few QDs attached to 

nonshocked graphene, the crystal structures of graphene 

were still obvious (see Figure 2F), meaning the graphene 

hardly deformed there. In shocked graphene/QDs film, 

crystal structure of graphene can hardly be detected (Figure 

2G). In addition, Raman spectra of graphene were collected 

before and after the process to analyze the effect of laser 

treatment. As shown in Figure 2G, the rises of the D peak 

and the D′ peak of graphene are observed after the process, 

indicating defect generation in the graphene layer induced 

by laser shock imprinting. 

Superior Photodetector Performance with Laser Shock 

Imprinting of the 2D/0D/2D Structure. To explore effects of 

the laser shock imprinting on device performance, the I−V 

curves were measured with light on/off to count response 

currents. Figure 3 shows the sketches and statistics of 

photocurrent collected from the graphene/PbS-

QDs/graphene photodetectors. As demonstrated in Figure 

3A, after GPa scale pressure was applied onto the sandwich 

structure, it is expected to accomplish tight contact between 

QDs and graphene. The top layer graphene and PbS-QDs 

layers are prone to squeezing the bottom layer of graphene, 

which tends to enhance both the dot−dot contact and 

dot−graphene interface. The optical image of the fabricated 

devices is also shown in Figure 3A. 

It is well-known that QDs are able to lead to multiphoton 

emission during solar radiation;15,16 however, the 

fluorescence lifetime data on single QD at room temperature 

reveal that emission is relatively high.23 According to 

productive rate equation G = αN0e−αx (N0 is the photon flux at 

the surface; α is the absorption coefficient, and x is the 

distance into the material), light intensity exponentially 

decreases throughout the material. The photogenerated 

charge is highest at the surface of the material.24 Although 

for the nanometer thin QDs layer, we assume light intensity 

attenuation along depth is neglected. The quantum dot 

encounters a similar scenario in electron−hole pair excitation 

and recombination processes under illumination. When 

multiple electron−hole pairs were excited, they were prone 

to recombination and light emission unless electron or hole 

was transferred away. The recombination is the major 

obstacle of a photodetector because it causes considerable 

photoexcited carrier loss from signal collection and thereby 

deteriorates the detector responsivity and detection limit. 

The top graphene adds another carrier transmission channel, 

which could efficiently collect photogenerated carrier at the 

surface of the PbS-QDs layer. The enhanced dot−dot and 

dot−graphene contacts by laser shock would be able to assist 
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electron transport along PbS-QDs layer and the final 

collection by graphene channel. The enhanced contacts 

minimize the extended defects over the contact interface, 

which increases free carrier lifetime and collection 

possibility. The statement is demonstrated in Figures 3B and 

C, as drawn from statistical analysis of dozens of devices. 

The average response current of laser shocked detectors was 

boosted up for around 2.5 times with gate voltage of both 5 

V (from ∼0.4 to ∼1.0 μA) and 20 V (from ∼20 to ∼50 μA), 

resulting from more efficient exciton collection. Note that the 

considerable error bar before/after laser shock imprinting is 

due to variations in performance among devices. The 

deviation of performance originated from complex factors 

during device fabrication such as graphene electrode size, 

wet transferring, and device lithography and metallization. 

Figure 4 illustrates the specific on/off performance of one 

sandwich structure photodetector before and after the laser 

shock process. As shown in Figure 4A, before laser shock, 

the photocurrent is 58.2 μA, while the dark current is 58.7 

μA; therefore, the response current was calculated as 0.5 μA 

at the gate voltage of 5 V. When compared side by side in 

Figure 4A, the photocurrent achieves 56.2 μA, and the dark 

current is 57.1 μA, which accounts for the response current 

of 0.9 μA. The apparently stronger response current signal 

was accomplished due to more efficient carrier collection and 

transportation. Figure 4B illustrates the same device 

performance with higher gate voltage of 20 V; the response 

current increases to 30.5 μA after laser shock from 18 μA 

before laser shock. After laser shock, the dark current is 2.5 

μA, and the photocurrent is 33.0 μA. This indicates higher 

potential along gate could enhance the on/off (Id/Ip) ratio from 

1.8 to 13.2, which is the best in all reported graphene hybrid 

photodetectors, as summarized in Table 1. As demonstrated 

by a comparison of before and after laser shock, to more 

thoroughly understand the photodetector performance, the 

photo responsivity was calculated with known incident light 

source. As described in the Experimental Section, an LED 

light source in wavelength of 650 nm and intensity of 430 

μW/cm2 was utilized. Because adjacent electrodes are spaced 

in the range of 200 μm, the corresponding incident light 

intensity per detector was drawn to be 0.86 μW; thereby, the 

detector responsivity was conducted as 58 A/W after laser 

shock comparing to 22 A/W before. Not only did response 

current increase by three times after laser shock, but the 

on/off response speed also increased, as shown in Figures 4A 

and 3B. The plots, especially the curve switching light on 

and off in Figures 4C and D (distant between red dot lines 

and black dot lines), apparently denote a slow switch for 

photocurrent with a lifting time before laser shock and a 

sharp switch within an ultrashort time after laser shock. The 

lifting time is around 0.6 s (both 5 V gate and 20 V gate) for 

the detector to reach maximum photocurrent before laser 

 

Figure 3. Performance of graphene/PbS/graphene photodetectors. (A) Structures of graphene/PbS-QDs/graphene photodetectors before and 
after laser shock. (B) and C) Box chart of photocurrent collected by hybrid photodetectors of graphene wrapped PbS-QDs before and after 
laser shock fabrication at the gate voltage of 5 and 20 V. 
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shock, which is faster than that of PbS-QDs/graphene device 

on account of the encapsulation and conduction of the top 

graphene. However, it can be compared afterward, the lifting 

time for switching light on and off become less than 0.05 s 

(∼0.05 s for 5 V gate and ∼0.03 s for 20 V gate). These 

significant enhancements of response gain, on/off ratio, 

responsivity, and lifting time indicate that the free carrier 

transferring process25 was dramatically boosted after laser 

shock. 

Mechanism of Optomechanical Integration of Graphene 

with PbS-QDs. The effect of laser shock imprinting on 

wrapping of graphene on PbS-QDs was further revealed by 

molecular dynamics (MD) simulation. The dot diameter was 

8 nm, and the interparticle distance was 12 nm. Bond−bond 

interaction between carbon atoms of graphene was described 

by adaptive intermolecular reactive empirical bond order 

(AIREBO) potential with a cutoff distance 2.0 Å. Lennard− 

Jones (LJ) potential was used for particle−graphene 

interaction: εc − np = 0.89 meV, σc − np = 3.629 Å. The van 

der Waals (vdW) interaction between graphene and the 

substrate was modeled by using the same potential with 

parameters. The system was calculated in ensemble NVT 

(Nose−Hoover thermostat) with the temperature maintained 

at 300 K. The time step was 1 fs. In Figure 1D, before laser 

shock, the graphene was suspended on the top of asperous 

QDs surface. After laser shock was applied to the multilayer 

structure, as shown in Figure 1E, graphene was tightly 

contacted with the QDs layer underneath due to the 10 GPa 

scale mechanical pressure. The tight contact between 

graphene electrode and QDs layer increased the free carrier 

transferring process between them. The simulation results 

are consistent 

Table 1. Performance of Graphene Hybrid Photodetectors 

ref Vg (V) 
light power 

density 
Ip/Id ratio response 

time 
PbS/G17 −20 to 80 6.68 mW/cm2 <1.1 not given 
PbS/G16 −40 to 60 ∼0.5 mW/cm2 <2 ∼2 s 
PbS/G15 30 to 60 32.7 mV/cm2  5 s 

PbS/G26 −10 not given 

1.03 

not given 

perovskite/ 

G27 
−80 to 90 1 mW/cm2 <1.5 0.54 s 

G/PbS/G 20 0.43 mW/cm2 ∼1.8 ∼0.65 s 
G/PbS/G 20 0.43 mW/cm2 ∼13 ∼50 ms 

with the AFM measurement before and after laser shock 

imprinting (Figures 1B and C). 

Optical properties of the hybrid thin film were studied to 

understand the effects laser shock imprinting on the 

interfaces between the graphene/PbS/graphene layers and 

the glass substrate. As shown in Figure 5A, a single layer of 

graphene was transferred onto the glass slide for the control 

experiment. Lambda 950 was used to collect film 

 

Figure 4. Transient response of graphene/PbS/graphene photodetector. (A and B) I−t curve of graphene/PbS/graphene hybrid photosensor 

before and after the laser shock process at the gate voltage of 5 and 20 V. (C and D) Magnified image for photocurrent of the I−t curve: 

graphene/PbS/ graphene hybrid photosensor before and after laser shock under gate voltage of 5 and 20 V. 
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transmittance as a function of increasing wavelength from 

400 to 1600 nm. The sample film was stabilized between the 

lambda 950 light source and integrating sphere so that the 

incident light intensity and light intensity after film 

absorption could be compared. In Figure 5A, full-wave 

higher light transmittance is displayed after laser shock, 

implying laser shock induced pressure can enhance the 

contact between the graphene layer and the glass substrate 

underneath. The enhanced contact is because laser shock 

imprinting can reduce graphene wrinkles and ridges, as 

shown in the AFM images before and after laser shock 

imprinting (Figures 1B and C). Graphene wrapped by QDs 

and sole PbS QDs layers was also investigated by light 

transmittance measurements. In Figure 5B, sole PbS layer 

shows a very small significant transmittance change before 

and after laser shock. However, a significant light 

transmittance increase is shown in Figure 5B for graphene 

wrapped by a QDs layer after laser shock imprinting, which 

indicates similar contact improvement by laser shock. 

Mechanism of Carrier Transfer between Graphene and 

PbS-QDs. We further measured the graphene/PbS-QDs/ 

graphene device after laser shock in detail to reveal the 

reason for negative response at positive gate voltages and the 

mechanism of carrier transfer between graphene and PbS 

QDs. Figure 6A shows transfer curves of the device from −5 

to 5 V in dark state and under illumination, describing the 

typical p-type characteristic and no photoresponse at 

negative gate voltage. The transfer curves are enlarged from 

0 to 10 V in Figure 6B, which displays very weak positive 

response before 4.2 V gate and very strong negative response 

after 4.2 V gate to the same light source. A sharp decrease in 

current begins around 4.2 V gate, which is due to band 

structure evolution and charge transmission of our device by 

gate voltage. In other PbSQDs/graphene hybrid 

systems,15−17,28 the carrier transfer from PbS-QDs to 

graphene was elaborated as electrons or holes dominated. 

Our opinion is that whether electrons or holes dominate the 

carrier transfer is due to the band structure, which is also 

proposed in recent studies.26,29,30 Along with photoexcitation 

and gate voltage modulation, the carrier density 
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changes in PbS-QDs and graphene make the band structure 

rebalance, which decides the dynamic carrier transfer from 

PbSQDs to graphene.26 

To explain the back-gate modulation on photoresponse of 

our graphene/PbS-QDs/graphene device, the band structure 

evolutions and charge transmission at Vg < 0, 0 < Vg < 4.2 V, 

and Vg > 4.2 V are shown in Figures 6C−E. There are two 

synergistic mechanisms for photoconductivity in the 

graphene/ PbS-QDs/graphene device: the photogenerated 

carrier injection from PbS-QDs to top graphene and bottom 

graphene (equivalent to carrier density), and the charge 

transmission in top graphene and bottom graphene 

(equivalent to carrier mobility). The transfer curves in Figure 

6A indicate the whole device is weakly p-type and of hole 

transport due to a p-type doping effect on the bottom 

graphene by the substrate oxide.31 The Fermi level of EDT-

passivated PbS-QDs is closer to the valence band,32 and the 

work function is about 4.7−4.9 eV.33,34 With the finite density 

 

Figure 5. Transmittance of graphene/PbS-QDs/graphene multilayer. (A) Transmittance of single layer graphene on substrate as a function of 

wavelength before and after the laser shock process. (B) Transmittance of single layer QDs film and graphene/QDs multilayer on substrate 

as a function of wavelength before and after the laser shock process. 

 

Figure 6. Transfer curves of the device and band structure evolution of graphene/PbS QDs/graphene heterojunction. (A and B) Transfer 

curves in different gate voltage ranges. The drain−source voltage is 10 mV. The light source is 430 μW/cm2 at 650 nm. (C−E) Band structure 

evolutions and charge transmission at different gate voltages. TG and B mean top graphene and bottom graphene, respectively. 
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of state and weak electrostatic screening of graphene,6,35,36 

the interface between bottom graphene and PbS-QDs can be 

effectively modulated by back-gate voltage. At negative gate 

voltage, the work function of bottom graphene shifts up37 to 

form photogenerated hole injection to bottom graphene and 

photogenerated electron injection to top graphene, as 

displayed in Figure 6C. The negative gate induces the weak 

substrate scattering to holes in the p-type bottom graphene 

channel, and the surface adsorbates scatter the electron 

transportation in top graphene,38 leading to worse charge 

transmission, which neutralizes improvement of 

photoresponse by carrier injection. As a result, our device 

shows very weak positive or even no photoresponse at 

negative gate 

 

Figure 7. Transient response of the graphene/PbS QDs/graphene 

device at different gate voltages. 

 

increases to positive (Figure 6D), the hole injection to 

bottom graphene decreases, but the gate-induced substrate 

scattering disappears, leading to stronger positive 

photoresponse in Figure 6B and Figure 7. When the gate 

voltage is over 4.2 V (Figure 6E), we could deduce that the 

work function of bottom graphene further shifts down to 

form electron injection to bottom graphene and hole 

injection to top graphene.37 The strong positive gate induces 

strong substrate scattering to electrons in the bottom 

graphene and the surface adsorbates scatter holes in the top 

graphene,38 leading to much worse charge transmission and 

negative photoresponse, as shown in Figure 6B and Figure 7. 

Along with the increase in gate voltage, the negative 

photoresponse becomes stronger. These photoresponse 

phenomena are quite reproducible as the yield of working 

devices is very high (at least 45 working devices out of 60 

original graphene/PbS QDs/graphene devices). 

We further measured the performance of graphene/PbS/ 

graphene. The light power density dependent response is 

shown in Figure 8A. Under <10−5 W/cm2 power density 

incidence, the response current, as calculated as absolute 

difference between dark and photocurrent, increases linearly 

along the incident power. The linear dynamic range (LDR) 

is over four orders of magnitude. The response saturation 

under strong irradiance is attributed to the gradual filling of 

high-gain deep defects along with the increase in incident 

light intensity.39,40 Figure 8B displays wavelength dependent 

responsivity. The responsivity (R) is calculated by the 

equation 

|Ip − Id| 

R =  

Pin 

where Ip is the photocurrent, Id is the dark current, and Pin is 

the incident power. The wavelength dependent responsivity 

is consistent with the absorption of PbS QDs film. The 

responsivity to shorter wavelength light is a little higher than 

longer wavelength light. There is a responsivity peak around 

1050 nm, corresponding the exciton absorption peak. The 

detectivity (D*) is calculated by the equation 

R A 

D*= 

2qId 

where R is the responsivity, A is the active area of the device, 

and q is the electron charge. The responsivity is over 10 A/W, 

and the detectivity reaches 2 × 1011 Jones at the gate voltage 

of 10 V. An obvious valley at Vg = 4.2 V is attributed to the 

modulation of gate voltage on the carrier injection from PbS 

QDs to graphene (Figure 6). 

■ CONCLUSION 

In this work, we reported a cost-efficient, scalable laser shock 

imprinting method that was used to manipulate the interface 

between 2D and 0D materials. The laser shock method tuned 

morphology of 2D materials on 0D materials to perfect 

wrapping rather than grid-space contact. The wrapping of 

PbSQDs with graphene can enhance the transmission, 

photoresponse gain, and photoresponse speed of 

photodetectors. Surface morphology investigation, response 

current under gate voltage, optical transmittance, and 

physical simulation confirm our statement. The 

photoresponse gain increases by 2×; the photoresponse 

speed of photodetectors raises by over 13×, and response 

time reduces by 20× after laser shock wrapping of the 

laminates. The response time ∼30 ms after laser shock is the 

shortest, and the Ip/Id ratio ∼13 is highest in all reported 

graphene hybrid photodetectors. This is due to the tight 

voltage in Figure 6 A and Figure 7 . Along the back gate 
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contact between PbS-QDs and graphene after laser shock 

and more efficient gate-modulated carrier injection from 

PbS-QDs to graphene. Through the careful deduction of 

band structure change, we found gate voltage dictates 

whether electrons or holes dominate the carrier injection 

from PbS QDs to graphene, corresponding to different 

photoresponses. 

■ EXPERIMENT METHODS 

Device Fabrication. PbS-QDs were synthesized and isolated 

according to a modified Hines method. The oleic acid-passivated 

PbSQDs were dispersed in toluene at a concentration of 50 mg/mL. 

Single layer CVD graphene was transferred onto a Si/SiO2 (285 nm) 

wafer. Patterned using a designed mask on the top of the graphene, 

Au (50 nm)/Ti (5 nm) source and drain electrodes were deposited 

by thermal evaporation. The PbS-QDs in toluene were deposited 

onto graphene by spin-coating and treated by ethanedithiol (EDT) 

method. This process was repeated three times. Afterward, the 

graphene/PbS QDs device was baked at 90 °C in air for 10 min. 

Another single layer CVD graphene was transferred onto the PbS-

QDs film. Finally, laser shock imprinting was used to fabricate the 

device. 

Laser Shock Imprinting. Nd:YAG (Continuum Surelite III) was 

used as the energy source. The laser beam was set to be 4 mm in 

diameter with 10 ns as pulse width. A carbon coated aluminum foil 

covered the top of the samples. A transparent confinement glass 

layer was covered tightly on top of the carbon coated aluminum foil. 

TEM Sample Preparation. The laser shocked and nonshocked 

graphene/PbS QD hybrid structures were first prepared on flat 

substrates. A small drop of ethanol was dropped on the hybrid 

location followed by a TEM grid covering on top. As the ethanol 

droplet dried, we applied tweezer tips to slowly glide the TEM grid 

around the sample location. Friction between the TEM grid and the 

substrate transferred fragments of graphene/PbS hybrid onto the 

grid for final TEM observation. 

Optoelectronic Characterizations. All characterizations of device 

performance were done in an optically and electrically sealed box 

to minimize electromagnetic disturbance. The monochromatic light 

source for photoresponse testing was a 650 nm LED modulated by 

a waveform generator (Agilent 33600A Series). Transient 

photoresponse and transfer curves were measured using a 

semiconductor device analyzer (Agilent B1500A) by averaging the 

current over time for each voltage step. 

 

Figure 8. Performance of graphene/PbS/graphene photodetector at gate voltage of 20 V and drain-source bias of 1 V. (A) 650 nm light power 

density dependent response. The response current means the absolute difference between dark and photocurrent. (B) Wavelength dependent 
responsivity. The monochromatic source is a xenon lamp modulated by grating with a frequency of 20 Hz. The inset shows light power 

density. (C) Responsivity and detectivity as a function of gate voltage illuminated by 650 nm light with a power density of 430 μW/cm2. 
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